H yperkalemia (serum potassium level, >5.0 mmol per liter) is a common electrolyte disorder that is associated with serious cardiac dysrhythmias and increased mortality. [1] [2] [3] Patients with renal dysfunction and those with diabetes are at increased risk for hyperkalemia. 3 Therapies that inhibit the renin-angiotensin-aldosterone system (RAAS) are associated with hyperkalemia in patients with kidney disease or heart failure, 4,5 despite strong evidence that such therapy is beneficial in proteinuric chronic kidney disease, 6-9 diabetic nephropathy, [10] [11] [12] and systolic heart failure. [12] [13] [14] [15] The use of existing polymer resins (e.g., sodium polystyrene sulfonate) has a poor side-effect profile and uncertain efficacy. Thus, there is a need for additional agents that can safely treat hyperkalemia in both patients with acute disease and those with chronic disease.
Sodium zirconium cyclosilicate (ZS-9) is a highly selective cation exchanger that entraps potassium in the intestinal tract in exchange for sodium and hydrogen ( Fig. S1 in the Supplementary Appendix, available with the full text of this article at NEJM.org). 16 In a phase 2 study, ZS-9, as compared with placebo, was associated with significant reductions in serum potassium levels within the first 48 hours of treatment in patients with stage 3 chronic kidney disease (estimated glomerular filtration rate [eGFR], 30 to 60 ml per minute per 1.73 m 2 of body-surface area) and serum potassium levels of 5 to 6 mmol per liter. 17 Here, we report the results of a phase 3, two-stage, double-blind, randomized, placebocontrolled, dose-ranging trial of ZS-9 for the treatment of hyperkalemia.
Me thods

Patients
From November 2012 through November 2013, we recruited patients at 65 sites in the United States, Australia, and South Africa (mean number of patients per site, 12). Eligible patients were at least 18 years of age, had a serum potassium level of 5.0 to 6.5 mmol per liter, and were able to undergo repeated blood draws. Patients were excluded if they were receiving dialysis, had diabetic ketoacidosis, had a potassium level of more than 6.5 mmol per liter, had cardiac arrhythmia that required immediate treatment, or had received organic polymer resins or phosphate binders within 1 week before enrollment. There were no specific requirements for the eGFR, nor were patients excluded on the basis of the date of initiation of a RAAS inhibitor. Full inclusion and exclusion criteria are provided in the complete study protocol, available at NEJM.org. All patients provided written informed consent.
Study Design, Randomization, and Treatment
The study was conducted in two randomized phases: an initial phase and a maintenance phase. At the time of screening (day 0), we used a point-of-care device (i-STAT, Abbott Laboratories) to measure potassium levels in whole blood obtained from patients who had been instructed to fast for 12 hours, with samples obtained at baseline, at 30 minutes, and at 60 minutes (Fig.  1 ). All samples were centrifuged on site, and serum samples were sent to a central laboratory for analysis and verification.
We established randomization assignments for the two phases of the study at baseline. Patients with a potassium level of 5.0 to 6.5 mmol per liter (the mean of three measurements) were randomly assigned to receive 1.25 g, 2.5 g, 5 g, or 10 g of ZS-9 or placebo, administered three times daily with meals for the initial 48 hours (initial phase); the first two doses were administered at the study site and the third dose at home. Patients in the ZS-9 group in whom a serum potassium level of 3.5 to 4.9 mmol per liter was reached at 48 hours were randomly assigned in a 1:1 ratio, with blinding preserved, to receive either their original ZS-9 dose or placebo once daily before breakfast on days 3 to 15 (maintenance phase). Patients assigned to the placebo group in the initial phase were randomly assigned to receive either 1.25 g or 2.5 g of ZS-9 in the maintenance phase (Fig. 1) . Study drug dose adjustment during the study was not allowed.
All concomitant medications were kept constant throughout the study, including diuretic agents, RAAS inhibitors, and antidiabetic therapies. No dietary restrictions were imposed; patients were instructed to continue their usual diet without any specified alterations. Study stopping rules are included in the protocol.
An institutional review board or independent ethics committee at each participating institution approved the study, which was conducted in accordance with the Good Clinical Practice guidelines and the provisions of the Declaration 3 of Helsinki. An independent data and safety monitoring committee reviewed safety data at prespecified intervals and administered specified safety stopping rules.
Primary End Points
The primary efficacy end point for the initial phase was the between-group difference in the exponential rate of change in the mean serum potassium level during the first 48 hours of treatment. We chose the exponential rate of change as a more clinically relevant end point than the absolute change from baseline, since it includes the time to onset and incorporates all potassium measurements throughout the initial 48 hours.
The efficacy end point for the maintenance phase was the between-group difference in the mean serum potassium level during the 12-day treatment interval, which was analyzed separately for each of the four dose groups in the initial phase, as compared with the corresponding placebo group. Other end points are described in the study protocol.
Study Oversight
All the authors had access to the complete study data, which were held by the sponsor, ZS Pharma. The first draft of the article was written by the first author and the last two authors, with editorial assistance paid for by ZS Pharma. The manuscript was reviewed and approved by all coauthors. All the authors vouch for the accuracy and completeness of the data and the analyses.
Statistical Analysis
All statistical analyses were performed on serum measurements from the central laboratory. We conducted 15 prespecified analyses on the basis Patients in any of the ZS-9 groups whose serum potassium level decreased to 3.5 to 4.9 mmol per liter at 48 hours during the initial phase of the study were randomly assigned to receive either their original ZS-9 dose or placebo once daily before breakfast on days 3 to 15 during the maintenance phase. Patients assigned to the placebo group in the initial phase were randomly assigned to receive either 1.25 g or 2.5 g of ZS-9 in the maintenance phase.
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Copyright © 2014 Massachusetts Medical Society. All rights reserved. of the baseline serum potassium level, eGFR, RAAS-inhibitor use (yes vs. no), and status with respect to a history of diabetes, heart failure, or chronic kidney disease (regardless of the eGFR). We also conducted subgroup analyses for patients with a combination of heart failure, diabetes mellitus, and reduced renal function (eGFR, <60 ml per minute per 1.73 m 2 ) (Table S2 and Fig. S2 in the Supplementary Appendix). The study was not powered to reach conclusions in subgroup analyses, so the results of these analyses should be regarded only as descriptive findings.
Safety end points included adverse events, vital signs, and findings on electrocardiography, hematologic analyses, and other relevant laboratory analyses, including the incidence of hypokalemia (serum potassium level, <3.5 mmol per liter) and hypomagnesemia (serum magnesium level, <0.6 mmol per liter). The results of the safety analyses are descriptive only, since the study was not powered to detect these adverse events.
The primary efficacy analyses were performed in the intention-to-treat populations, including patients who received at least one dose of the assigned study drug and in whom serum potassium was measured after baseline, separately for the initial and maintenance phases.
Separate efficacy and safety analyses were performed for the two study phases. For tests of the primary efficacy end point during the two phases, the study had a power of 90% with a two-tailed type I error rate of 0.05. We used a predefined closed testing procedure, in which we first tested the highest dose in the initial phase, then the corresponding highest dose in the maintenance phase, then the next highest dose in the initial phase and then in the maintenance phase, until the lowest dose was reached. The type I error for multiple testing of doses and end points was prospectively defined. 18 We compared the between-group difference in efficacy using a generalized estimating equation model for continuous end points and a two-sided Fisher's exact test for binary outcomes.
R esult s
Patients
Of the 1433 patients who were screened, 754 were randomly assigned to one of the four ZS-9 dose groups or to the placebo group during the initial phase of the study (Fig. 2) . Of 753 patients who could be evaluated, 543 (72.1%) continued into the maintenance phase, which was completed by more than 90% of patients in each study group. Baseline characteristics before the initial phase did not differ significantly between the two study groups, except for the serum potassium level (Table 1, and Table S1 in the Supplementary Appendix). The mean age was 65 years (range, 22 to 93); 60% of the patients were men, and 86% were white. A total of 561 patients (74.5%) had an eGFR of less than 60 ml per minute per 1.73 m 2 (as calculated with the use of the Modification of Diet in Renal Disease equation), 502 patients (66.7%) were receiving RAAS inhibitors, 451 (59.9%) had diabetes, and 300 (39.8%) had a history of heart failure. There were no significant between-group differences with respect to changes in concomitant therapies, including RAAS inhibitors, diuretics, and antidiabetic drugs.
Efficacy
Initial Phase ZS-9 was associated with a significant decrease in the serum potassium level from baseline to 48 hours among patients receiving 2.5 g, those receiving 5 g, and those receiving 10 g of the drug (Fig. 3A, and Fig. S3A in the Supplementary Appendix). At 48 hours, the mean exponential rates of change from baseline per hour were reductions of 0.11% in the group receiving 1.25 g of ZS-9, 0.16% in the group receiving 2.5 g, 0.21% in the group receiving 5 g, and 0.30% in the group receiving 10 g, as compared with a reduction of 0.09% per hour in the placebo group (P<0.001 for the comparison with the three highest-dose groups; P>0.05 for the comparison with the 1.25-g group).
At 48 hours, there were absolute mean reductions of 0. study day 2 (24 to 48 hours), significantly greater mean reductions in serum potassium levels were observed at all time points among patients receiving ZS-9 than among those receiving placebo in the 2.5-g group (P<0.05 for all comparisons), the 5-g group (P<0.001), and the 10-g group (P<0.001) (Fig. 3A) . At the 5-g and 10-g doses, the normalization of serum potassium (to levels of 3.5 to 4.9 mmol per liter) was observed, regardless of the baseline potassium level, eGFR, and status with respect to RAAS-inhibitor use and history of heart failure, chronic kidney disease, or diabetes. At the 10-g dose, the mean reduction in the serum potassium level was 1.1 mmol per liter in patients with a baseline potassium level of more than 5.5 mmol, 1.0 mmol per liter in patients with a baseline potassium level of 5.4 to 5.5 mmol per liter, and 0.6 mmol per liter in patients with a baseline potassium level of 5.3 mmol per liter or less. Normokalemia was reached on average in all three dose groups within 48 hours (P<0.001 for all comparisons with placebo).
Maintenance Phase
During the maintenance phase, both the 5-g and 10-g daily doses of ZS-9 were significantly superior to placebo in maintaining normokalemia (P = 0.008 and P<0.001, respectively), with hyperkalemia recurring in patients assigned to placebo who had received 5 g or 10 g of ZS-9 during the initial phase ( Fig. 3B and 3C ). The mean exponential rate of change was an increase of 0.14% per hour in the group receiving 10 g of ZS-9 versus 1.04% per hour in the respective placebo group (P<0.001), and an increase of 0.09% per hour with 5 g of ZS-9 versus 0.47% per hour with placebo (P = 0.008) (Fig. S3 in the Supplementary Appendix); the mean exponential rate of change with the two lowest doses of ZS-9 did not differ significantly from the rates with placebo. When the 10-g dose was discontinued after day 15, hyperkalemia redeveloped in patients within 1 week.
Adverse Events
Adverse events were reported in 12.9% of patients in the ZS-9 group and 10.8% of those in the placebo group during the initial phase ( Table 2 , and Table S3 in the Supplementary Appendix). During the maintenance phase, adverse events were reported in 25.1% of patients receiving ZS-9 and in 24.5% of those receiving placebo. The most common adverse event at all dose levels and during both study phases was diarrhea (frequency in the initial phase, 1.8% in the ZS-9 group and 2.5% in the placebo group; frequency in the maintenance phase, 1.7% and 2.2%, respectively). A single event of gastroenteritis in the placebo group was the only serious adverse event that was deemed to be possibly drug-related by the investigator (Table S4 in the Supplementary Appendix). The single death, which was reportedly due to underlying chronic obstructive pulmonary disease and coronary artery disease in a patient in the ZS-9 group, was deemed by the investigator to be unrelated to the study drug.
In the ZS-9 group, two cases of hypokalemia (serum potassium level, 3.1 mmol per liter in a patient receiving the 2.5-g dose in the maintenance phase and 3.4 mmol per liter in a patient receiving the 10-g dose in the initial phase) were reported. Both cases were transient and resolved without potassium repletion. A dose-dependent increase in serum bicarbonate was observed, which was consistent with the effect of a decrease in serum potassium. No other clinically significant changes in vital signs or in levels of blood glucose or electrolytes other than potassium were observed throughout the study, nor was there evidence of increased blood pressure, body weight, or edema (Table S5 in the Supplementary Appendix) .
Rates of clinically significant arrhythmia did During the initial phase of the study (Panel A), mean potassium levels in patients who received either 5 g or 10 g of ZS-9 three times daily, as compared with placebo, were significantly reduced at most time points (as indicated by asterisks). The reduction in serum potassium levels was significant as early as 1 hour after the administration of the initial 10-g dose. During the maintenance phase of the study, normokalemia was maintained in patients who received 5 g of ZS-9 (Panel B) or 10 g of ZS-9 (Panel C) once daily, whereas potassium levels increased to the level of hyperkalemia in those who received placebo. Similarly, after each dose of ZS-9 was discontinued at day 15, hyperkalemia redeveloped within 1 week after treatment discontinuation. not differ between any ZS-9 dose group and the placebo group, nor were there significant differences in the PR interval or QRS complex. An increase in the corrected QT (QTc) interval was observed among patients in the ZS-9 group during the initial phase, which was consistent with the decrease in serum potassium levels and was dose-related. Mean increases in the QTc interval ranged from 0.03 msec at the lowest ZS-9 dose (1.25 g) to 7.61 msec at the highest ZS-9 dose (10 g) on study day 2, and from 0.38 msec at the lowest ZS-9 dose to 10.3 msec at the highest ZS-9 dose on study day 3. Small, clinically nonsignificant decreases in the mean QTc interval were noted in each ZS-9 dose group on day 15. During the initial phase, one patient receiving 10 g of ZS-9 had an increase of 71 msec in the QTc interval, which resulted in a QTc interval of 516 msec on day 3 while the patient was receiving concomitant treatment with ciprofloxacin (a drug that has been associated with prolongation of the QTc interval). However, the QTc interval in this patient returned to the baseline level during the maintenance phase after ciprofloxacin was discontinued.
Discussion
Our results indicate that ZS-9 is a potent, selective potassium trap that corrects hyperkalemia within 48 hours. A clinically significant treatment effect was observed within 1 hour after administration. The decline in the potassium level was rapid and dose-dependent, starting at a dose of 2.5 g three times daily. The reduction in serum potassium levels with ZS-9 was most pronounced in patients with the highest potassium levels at baseline. ZS-9 effectively normalized potassium levels in patients who were receiving RAAS inhibitors for the treatment of cardiovascular or renal disease, a group in which a dose reduction or discontinuation of these drugs is often needed. Normal serum potassium levels were maintained with once-daily doses of 5 g or 10 g of ZS-9. The drug was equally effective across various subgroups, including patients with a combination of heart failure, chronic kidney disease, and diabetes.
Hyperkalemia is common, particularly in patients with chronic kidney disease, diabetes, or heart failure and in those receiving RAAS inhibitors. [3] [4] [5] Available therapies for initial treatment (insulin, beta-2 stimulants, and sodium bicarbonate) simply promote translocation of potassium from the extracellular space to the intracellular space, providing temporary benefit, for approximately 1 to 4 hours. Removal of potassium from the body entails the use of exchange resins, diuretics, or dialysis. The current mainstay for the acute removal of potassium is the use of nonspecific polymeric exchange resins (sodium or calcium polystyrene sulfonate). These agents have uncertain efficacy and generally poor side-effect profiles and have been associated with serious gastrointestinal adverse events, 19,20 particularly when administered with sorbitol. [21] [22] [23] [24] In patients with less severe, chronic hyperkalemia, a common early intervention is to limit potassium intake. However, a low-potassium diet is restrictive and deprives patients of many food choices that are otherwise associated with improved renal outcomes. [25] [26] [27] [28] [29] [30] Among patients who are receiving RAAS inhibitors or who would benefit from the protective effects of these drugs, hyperkalemia prevents the most effective therapy at the full target dose. Thus, there is a need for new treatment options that can be used in patients with acute or chronic disease, have an acceptable safety profile, and cause a rapid and sustained reduction of potassium levels.
The potassium-lowering action of ZS-9 is based on size-selective micropores in the zirconium silicate crystal structure, which traps potassium in the intestinal tract in exchange for protons and sodium. The potassium-binding capacity of ZS-9 is 9 times that of organic polymer resins (e.g., sodium polystyrene sulfonate) and is more selective by a factor of more than 125 for potassium over calcium. 16 ZS-9 is insoluble, does not swell on contact with water, and is not systemically absorbed, according to mass balance studies in animal models showing fecal excretion of zirconium of more than 99% after ingestion. 17 The stable crystal structure of ZS-9 enables binding of potassium throughout the gastrointestinal tract, which probably explains the significant fall in serum potassium levels within 1 hour after the first 10-g dose. These features may also contribute to the low incidence of gastrointestinal and systemic adverse events.
The overall safety profile of ZS-9 in our study was similar to that of placebo. There were no cases of a decrease in potassium levels of more developed in two patients (with potassium levels of 3.1 and 3.4 mmol per liter). A major limitation of this study was that patients who had a serum potassium level of more than 6.5 mmol per liter or electrocardiographic changes associated with hyperkalemia were excluded. Another limitation was the short-term nature of the study, since patients in the study population might have required more than 14 days of treatment. Finally, since the study was conducted among ambulatory outpatients, it excluded hospitalized patients and those receiving dialysis.
In conclusion, ZS-9, as compared with placebo, was associated with a decrease in serum potassium levels within 48 hours after administration in a cohort of ambulatory patients with baseline potassium levels of 5.0 to 6.5 mmol per liter. In patients who continued to receive ZS-9, normokalemia was maintained for 14 days.
